ABSTRACT In rectifying or active antenna systems, the higher order modes can hamper the system efficiency, and thus, the filter antennas are used to eliminate the harmonic radiation. In this paper, the distribution of standing wave fields in patch antenna having been presented and then the characteristic mode theory having been employed, the influences of feeding location and the indentation of patch edges on the suppression of higher order harmonics and their spurious modes are investigated. It is indicated that indenting the radiating edges of the patch element works more effectively on the control of spurious modes while indenting the non-radiating edges can eliminate the harmonics by shifting down the fundamental mode. By selecting feed position and indenting the patch edges, a microstrip patch antenna with both harmonic and spurious mode controls is proposed.
I. INTRODUCTION
In microwave power transmission (MPT), the rectifying antenna (rectenna) which consists of the receiving antenna, matching circuits, filters, and diodes, is applied to convert microwave power to DC power. However, the nonlinear diodes can generate higher order harmonics related to the fundamental mode that cause antenna reradiation and reduce rectifying efficiency. Therefore, microwave components such as lowpass filters (LPF) have to be added between the antenna and the diode to reject harmonic radiation and improve system performance [1] .
On the other hand, active antennas introduce nonlinear devices such as the power amplifier directly into the antenna. The high level of harmonic radiation caused by them can produce electromagnetic interference to nearby circuits. In order to suppress harmonic radiation and prevent harmonic interference, a high performance filter is normally inserted between an antenna and an amplifier [2] .
However, a filter itself will introduce insertion loss. Thus, harmonic-rejecting antennas without prefilters are employed in the rectenna or active antenna systems. These antennas will bring the advantages of low cost, simple design, and high conversion efficiency. Generally, such a functional antenna is called a filter antenna and various antenna structures have been designed [1] , [2] . Microstrip antennas of low profile can be divided into two categories: microstrip patch antennas and microstrip slot antennas. To suppress the second or third harmonic of microstrip antennas, we can consider from two aspects: the feeding structure and the antenna element.
From the feeding standpoint, band rejection structures such as open stubs [3] , microwave photonic bandgap cells [4] , or compact defected ground units [5] , are usually loaded in the feeding stripline of the microstrip antenna to control harmonic radiation. However, the inserted structures will enlarge the whole antenna size and in essence, are the same as using a LPF. If the band rejection structure is located at the connection point between the feedline and the radiator, the harmonics can be suppressed under condition of keeping the antenna size unchanged [6] , [7] .
From the radiator point of view, wiggly line [8] or complementary structure [9] , [10] is employed in the microstrip slot antenna to reject harmonic excitation. Indenting the patch edges [11] , [12] , inserting slits in the patch [13] , [14] , or combining these two methods [15] to control the current on the patch element is an effective way to suppress harmonic radiation of the patch antenna. Inserting a row of shorting pins along the center line can completely reject the second harmonic mode of the rectangular patch antenna [16] .
Nevertheless, microstrip slot antennas are the most discussed harmonic suppression planar antennas [3] , [7] . There are few directional patch antennas that can be used directly as the harmonic-rejecting antenna [17] . At present, the most popular patch antenna with harmonics rejection is the microstrip circular sector antenna. In this antenna, both the sector angle as well as the angular location of the feeding line is varied to provide appropriate input impedance. It has been verified that the circular sector antenna with a circular sector angle of 240 degree and a feeding angle of 30 degree from the edge of the circular sector provide the smallest real part of the input impedance at both the second and third harmonics and thus these harmonics are effectively suppressed [17] .
By far the mechanism of antenna harmonic rejection mostly starts from the analysis of the input impedance at the harmonic modes [12] , [17] and the spurious modes usually are not considered that may interfere with other wireless systems. For this reason the harmonics suppression of rectangular microstrip antenna is relooked into and the control of spurious modes is included in this paper. Meanwhile, from the standing wave field and characteristic mode theory point of view, the harmonic rejection mechanism for rectangular patch antenna is explained.
Essentially, a kind of standing wave field is a characteristic mode that has been excited while other characteristic modes cannot be embodied using the specific feeding structure [18] . Based on this consideration and begun with the rectangular patch element, a modified microstrip patch antenna is proposed to control harmonics and spurious modes simultaneously.
II. RESONANT FIELDS OF RECTANGULAR PATCH ANTENNA
Though a traditional rectangular microstrip antenna as shown in Fig. 1(a) can radiate higher order harmonics, it usually works in the fundamental mode (TM 01 mode), at which the length of patch element is half guided wavelength and only a single standing wave field zone takes shape. Then two edges of the patch element in the lengthwise direction present the electric field antinodes and work as the radiating edges. That is to say, the fundamental mode of rectangular patch antenna is determined by the patch length while its width has no effect on the fundamental frequency.
However, when the patch width increases some resonant points, which meet the transverse resonance condition, appear near but above the fundamental frequency. Because these frequencies are not the multiple harmonics of the fundamental mode, we regard them as spurious modes. Similarly, the spurious radiation also happens to higher order harmonics. Fig. 2 shows the variation of reflection coefficient with frequency for the patch element as illustrated in Fig. 1(a) with length L = 40 mm. This patch is printed on FR-4 microwave substrate of thickness 1.2 mm and permittivity 3.2. Fig. 1(a) .
In Fig. 2 it is observed that when the patch width W is less than or equal to the patch length (40 mm, which corresponds to half wavelength of 2-GHz fundamental mode), concomitant spurious modes for the fundamental frequency cannot be excited, owing to the patch width less than the required size of transverse resonance. However, when the patch width is larger than half wavelength, such as 50 mm and with a width length ratio of 5 / 4, there are two concomitant spurious modes appearing above the fundamental mode frequency. And the spurious mode of higher frequency is very close to the second harmonic. Nevertheless, when the patch width W reaches to 60 mm we can observe that the spurious mode of higher frequency shifts down while the second harmonic frequency keeps unchanged. Meanwhile, the larger the patch width is, the more the spurious mode of lower frequency is close to the fundamental mode. The similar situation happens to the spurious modes related to the second and third harmonics when the patch width changes. Fig. 3 shows the standing wave field distributions with frequency below the fourth harmonic for the patch of width 60 mm. It is clear that two distinct concomitant spurious modes for the fundamental frequency are TM 20 mode of lower frequency and TM 21 mode of higher frequency, respectively, that two ones for the second harmonic (TM 02 mode) are TM 22 and TM 40 modes, and that two ones for the third harmonic are TM 23 and TM 42 modes. Obviously, each spurious mode meets the requirement of transverse resonance.
III. FEEDING LOCATION AND SHORTING PATCH

A. LOCATING THE FEEDING POINT
Characteristic mode theory has shown that the characteristic current wavemode on conductor body only depends on the size and shape of the conductor, and is independent of the exciting source [19] . Therefore, the resonant frequencies of a rectangular patch antenna fed by microstrip line are in keeping with that by coaxial line. However, the characteristic mode analysis also indicates that the implementation of a specific characteristic radiation relies on the exciting style (electric or magnetic pumping) and the choice of feeding point. The microstrip or coaxial line connected directly to the patch element is equivalent to a voltage source and the connecting point shall locate at the electric field peak to effectively excite the corresponding mode.
For the fundamental mode operation, the feeding point of a rectangular patch antenna always locates on the symmetry line. When the feeding point moves along this line and locates at the electric field minimum of a certain characteristic mode, this mode cannot be excited to implement effective radiation. Using the same 60-mm × 40-mm patch as described in Section II, Fig. 4 shows the variation of reflection coefficient with frequency for different coaxial feeding points. We can see that when the feeding point is apart from the radiating edge in 10 mm, i.e., at coordinate point of x = 0 and y = 10, the second harmonic has been rejected as indicated by curve b. The reason is that there are two standing wave field zones in the patch lengthwise direction for the second harmonic mode and the 10-mm spacing produces the electric field node. For the same reason, the TM 22 mode has also been eliminated.
Thus, it is clear that some radiating modes of a rectangular patch antenna can be controlled by modifying the feeding position. One can suppose that if the feeding position is apart from the radiating edge in 10 mm (40 / 4 mm) and from the non-radiating edge in 15 mm (60 / 4 mm), the TM 20 , TM 21 , TM 02 , and TM 22 modes should be simultaneously rejected in the 60-mm × 40-mm patch antenna. Compared with curve c which represents the end-fed situation, curve d in Fig. 4 has confirmed this assumption. However, due to the asymmetry of feeding position some other resonant modes appear. This case also implies the necessity of symmetric feeding for a rectangular patch when less resonant modes are required.
Certainly, we shall notice that the second and third harmonics (even and odd harmonics) cannot be simultaneously rejected by choosing the feeding point because there is not common position of field nodes for these two harmonic modes. For example, in the investigated patch antenna the minimum spacing of filed nodes for these two modes is 1 / 8 -1 / 12 = 1 / 24 of the fundamental mode wavelength.
B. SHORTING THE PATCH ELEMENT
Reference [16] has stated that shorting patch element along the center line as shown in Fig. 1(b) can suppress the second harmonic for the rectangular patch antenna. The reason is that the center line zone is both the electric field node (i.e., the virtual ground) for the fundamental mode as well as the field antinode for the second harmonic. Then shorting patch in the center line has no effect on the fundamental mode while the resonant condition of the second harmonic mode is broken. However, due to the same node position for the third harmonic as for the fundamental, the third order mode cannot be rejected by shorting patch in the center line.
Since shorting patch in the center line can suppress the second harmonic and proper feeding location can reject the third one, combination of these two methods should be able to simultaneously suppress the second and third harmonics. Locating the feed point in the field node of the third harmonic mode that is close to the radiating edge in the distance of 6.7 mm (40 / 6 mm) and shorting the patch element along the center line, this antenna presents S 11 curve a as shown in Fig. 4 . We can see that the second harmonic has been completely suppressed while the resonant strength of the third harmonic decreases remarkably. The reason for that the third harmonic mode cannot be thoroughly rejected is that the occupying zone of the standing wave field for the third harmonic can vary with the phase change and its field node position is not completely fixed. In fact, for the third harmonic the mode splitting appears and circular polarization of dualfrequency broadband can be observed.
IV. INDENTING NON-RADIATING EDGES
According to the characteristic mode theory the resonant characteristics of higher order modes also can be controlled by modifying the radiator shape. Indenting patch edges or inserting slits in the patch element is common technique to modify the microstrip patch antenna [9] , [11] .
A. SYMMETRICALLY END-FED H-SHAPED ANTENNA
A patch antenna with harmonic suppression by indenting the non-radiating edges to form an H-shaped patch is illustrated in Fig. 5(a) . The same 60-mm × 40-mm patch is used and it has been noticed that the notch width W c has little influence on the fundamental frequency. When the notch width is fixed in 20 mm for the symmetrically end-fed H-shaped patch antenna, the variation of reflection coefficient with frequency for different notch depth L c is shown in Fig. 6 . It is obvious that the fundamental frequency shifts down when the notch depth increases. Similarly, when the depth L c is larger than 10 mm the notches across the current antinodes of the lower frequency spurious mode (TM 20 mode) cause the resonant frequency to decrease. The higher spurious frequency related to the fundamental mode also consistently shifts down with the cutting depth increase. In this case the notches start from the current antinodes of the TM 21 mode. All of this indicates that partly cutting the current antinode zone significantly changes the current path of the corresponding wavemode.
For the second harmonic, however, the frequency change is not as significant as the fundamental mode does. And conversely, that the resonant frequency shifts up can be observed with the notch depth increasing. This implies that cutting the current node zone has little effect on the current path and does not destroy the field distribution seriously. Moreover, notches will reduce the size of standing wave field zone and increase the resonant frequency.
Two concomitant spurious frequencies for the second harmonic still exist. However, when the cut depth reaches to 20 mm the notch will cover more than one standing wave zone of the lower spurious frequency. Thus, the boundary condition of the original TM 22 mode is destroyed and the field distribution that corresponds to a new higher frequency is reconstructed. For the higher spurious mode related to the second harmonic, this has happened even when the notch depth is small, such as 5 mm.
The frequency variation trend for the third harmonic and its spurious modes also can be discussed using the mode profiles. However, due to the smaller size of single standing wave zone, their frequency shift shows more sensitive to the notch size.
For the H-shaped antenna, the introduced notches lead to the fundamental frequency down-shift, while the higher order harmonics have little been affected. In this sense, the harmonic control for the H-shaped patch antenna is carried out by shifting frequency points, not but by eliminating the harmonic excitation.
To operate at the 2.0-GHz fundamental frequency as the original rectangular microstrip antenna does, the H-shaped patch size has to be reduced. Fed by a 0.4-mm wide microstrip, the modified H-shaped patch has the rectangular outline size of W ×L = 53.4 mm × 32.4 mm and a notch size of W c × L c = 10 mm × 8 mm. Its S 11 curve compared with the original antenna is shown in Fig. 7 . We can see that the higher order harmonics have been effectively controlled by frequency shift. However, many spurious modes show strong resonance that may interfere with other wireless systems. 
B. OFFSET END-FED H-SHAPED ANTENNA
In [12] the H-shaped patch antenna is regarded as a steppedimpedance resonator (SIR) and analyzed using the transmission line theory. The input impedance of an H-shaped patch easily exhibits reactance characteristics. Thus, the proper offset feeding point as shown in Fig. 5(b) is chosen to minimize the real part of the input impedance to suppress the higher order harmonics and their spurious modes as far as possible.
Aimed at 2.0-GHz band the offset end-fed H-shaped patch has the rectangular outline size of W × L = 44 mm × 24 mm and a notch size of W c × L c = 14 mm × 19 mm. The offset microstrip of 1.2-mm wide deviates from the symmetric line t = 3 mm. In this case the radiator size is further reduced and the notch depth is larger than that in the symmetrically end-fed situation. Its S 11 parameter curve is also shown in Fig. 7 . It is observed that the second harmonic has been completely rejected. Meanwhile, the number of the spurious modes reduces and their resonant strength weakens.
However, it also can be seen that the third harmonic cannot be thoroughly rejected by this way. In fact, due to the larger notch depth and offset feeding, the working mechanism of this antenna is far different from the original antenna. If the notch depth or the feeding position is not properly chosen, more new spurious frequencies may be introduced.
V. INDENTING RADIATING EDGES
Indenting the non-radiating edges can effectively control the second and third harmonics while some spurious modes remain. These spurious modes meet the transverse resonant condition and the notch direction is parallel to the current vectors of the spurious modes. Thus, it is conceivable to suppress both the spurious modes as well as the harmonics by indenting the radiating edges and choosing the feeding position.
A. ANTENNA STRUCTURE Using the same substrate as described in Section II and operating at 2.4 GHz, the patch antenna structure is illustrated in Fig. 8(a) . Its prototype fabricated by chemical etching technology is shown in Fig. 8(b) . 
B. EXPERIMENT RESULTS
The S 11 characteristics of the antenna prototype are measured using the vector networking analyzer (AV3629D). The results shown in Fig. 9 indicate that the operating band with S 11 less than -10 dB is from 2.41 GHz to 2.49 GHz. Though there are weak resonances at the second harmonic (4.9 GHz) and the third harmonic (7.4 GHz), respectively, their S 11 values both are larger than -3.5 dB. This means that indenting radiating edges cannot completely suppress higher order harmonics, but can weaken their resonance by combining the adjustment of the feeding location. Meanwhile, there are two spurious frequencies related to the fundamental mode, at 2.9 GHz and 4.4 GHz, respectively, and their S 11 values both are larger than -2.5 dB. For the second harmonic, there is only one concomitant spurious mode of 6.6 GHz and its S 11 value is larger than -3 dB. All these results imply that indenting radiation edges has significant effect on the spurious mode rejection.
C. CHARACTERISTIC DISCUSSION
To investigate the influence of indenting radiating edges on the antenna performance, the antenna structure shown in Fig. 8 is taken as the starting point. Then only part notches are remained while others are filled with metallic patch to confirm the function of a certain notch. All the discussed results are shown in Fig. 10 . Firstly, a rectangular patch with the outline size 57 mm × 37 mm is constructed to be the reference object and its S 11 curve is distinguished as a in Fig. 10 . It is observed that its fundamental frequency is 2.2 GHz, which is lower than that of the antenna shown in Fig. 8 . On the other hand, for the second harmonic frequency there are three concomitant spurious modes. The reason is that the breadth-length ratio (57 / 37) of this patch is larger than that (60 / 40) of the rectangular patch shown in Fig. 3 . The weaker resonance for the third harmonic is because the exciting position (6 mm apart from the lower radiating edges) is closer to the electric field minimum of the third harmonic mode.
Curve b shown in Fig. 10 illustrates the S 11 characteristics for the patch with only two notches in the upper radiating edges and for which the other sizes are the same as the above reference rectangular patch. We can observe that notches in upper edges have little effect on the fundamental and second harmonics while all the spurious frequencies have shifted down. The reason is that the notch depth is small and its direction is parallel to the current vectors of the harmonic modes. However, for the spurious modes of transverse resonance, the notches can enlarge the current paths.
Curve c shown in Fig. 10 describes the S 11 parameter variation with frequency for the patch only of two notches in the lower radiating edges. We can see that there is only one concomitant spurious mode for the fundamental and second harmonic mode, respectively. In fact, the lower spurious mode is very close to the fundamental frequency and broadens the fundamental mode bandwidth, due to the longer notches perpendicular to the current vectors of the spurious mode. It also happens for the second harmonic mode. Furthermore, the same can be applied to the TM 40 spurious mode, while two other spurious modes are eliminated owing to the notches unduly cutting their mode zones. On the other hand, due to the notches reaching to the mode current antinode in the direction parallel to the current vector and causing the frequency upshift, the third harmonic has been completely suppressed.
When the above two kinds of notches are simultaneously introduced in the radiating edges, we can see that the fundamental and second harmonic band broaden due to their lower spurious frequencies shifting down while the other frequency points are efficiently controlled, as the curve d indicated. To work at the desired 2.4 GHz the patch size, especially the patch length, shall be reduced. Certainly, just notching the patch part between two upper edge notches as shown in Fig. 8 can also raise the fundamental frequency.
VI. PROPOSED FINAL ANTENNA
Since indenting the non-radiating edges can shift away the harmonic modes and indenting the radiating edges can effectively control the spurious modes, it is therefore predicted that simultaneously indenting the radiating and non-radiating edges, as well as choosing the feeding point, the patch antenna should have the ability to concurrently control the harmonics and their spurious modes.
Based on this consideration we propose the final patch structure as illustrated in Fig. 11(a) . Using the same substrate as above antenna and aiming at the 2.4-GHz band, the antenna dimensions also are shown in Fig. 11 (a) and its prototype photograph is provided in Fig. 11(b) . Then the antenna scattering performance is measured using the same way as the antenna with indenting radiating edges. The measured S 11 characteristics of the final proposed antenna are also shown in Fig. 9 . We can see that the operating band of its fundamental mode agree with that of the antenna shown in Fig. 8 , from 2.41 GHz to 2.49 GHz. This bandwidth has the usual narrowband characteristics of patch antennas. However, in this case the final antenna can cover the WLAN 2.4-GHz band. For the fundamental frequency, there is only one concomitant spurious mode of 3.24 GHz and the S 11 value is larger than -4.4 dB. However, the second harmonic has been completely suppressed, while the third harmonic resonance is so weak that the S 11 value is larger than -0.6 dB. Meanwhile, there is a weak resonance at 6.67 GHz and the S 11 value is larger than -1.2 dB. In short, for the final proposed antenna the higher order harmonics have been well suppressed and only one spurious mode of weak resonant strength appears near the fundamental mode.
The radiation patterns and efficiency are measured using SATIMO Starlab antenna measurement systems and the pattern results are shown in Fig. 12 . We can see that the final antenna shows high polarization purity and good directivity. Fig. 13 illustrates the electric field distribution of the antenna at 2.45 GHz. It can be seen that the upper and lower sides of the antenna are still radiating edges. On the other hand, compared with the rectangular patch antenna, the electric fields of the final antenna are more concentrated on the left and right sides. Thus, the final antenna is similar to an array of two vertically polarized elements, which helps to improve the antenna directionality and polarization purity. At 2.45-GHz fundamental mode the antenna gain is 7.1 dBi. The measurement radiation efficiency at 2.45, 3.24, 4.9, 6.67 and 7.36 GHz is shown in Fig. 14. We can see the efficiency of second and third harmonics both are less than 20%, and the radiation of the spurious modes has also been effectively suppressed except for 3.24 GHz. For the antenna shown in Fig. 8 , with indenting radiation edges, its radiation pattern is similar to the final antenna, and its gain is 7.6 dBi at 2.45 GHz. We also test the radiation efficiency at 2.45, 3.0, 4.96, 6.6 and 7.5 GHz and the results also are shown in Fig. 14 . We can see that its harmonic suppression ability is inferior to the final antenna. All these further indicate that the antenna modification like the final antenna is effective for suppressing both high-order harmonics and spurious modes.
VII. CONCLUSION
The influence of edge notches and feeding location on the harmonics and their spurious modes has been discussed according to the mode profiles of patch antenna. For the feeding style with physically connecting to the patch element, the corresponding modes cannot be excited when the feeding position is located at the mode field minimum. Generally, indenting the radiating edges can work more effective in controlling the spurious modes while indenting the nonradiating edges can suppress the harmonic modes by shifting down the fundamental frequency. Based on these principles, a microstrip antenna with notches in the patch periphery and with proper feeding location is proposed. In this case, its higher order harmonics and the spurious modes are effectively controlled. 
